Abstract: This paper examines the spatial variability in the social vulnerability of residents to potential levee failures in the Sacramento Delta region. To determine the likely flood exposure, levees of concern to the U.S. Army Corps of Engineers and California's Department of Water Resources were mapped. The HAZUS-MH loss estimation software and 100-year protection standard were used to hypothetically breach levees to determine a coarse approximation of the level and spatial extent of inundation. To assess the differential social consequences of such an event, a social vulnerability index was computed at the census tract level for San Joaquin, Sacramento, and Yolo counties following the vulnerability metrics developed by Cutter et al. in 2003 . When integrated with the flood exposure data, there is a clustering of high social vulnerability zones within high risk flood areas. While the spatial pattern is not uniform throughout the tricounty area, these pockets of high vulnerability ͑largely driven by social factors͒ warrant management concern about the disproportionate impact of catastrophic levee failures on these populations and the level of local, state, and federal preparedness to cope with such an event.
Introduction
The 15 U.S. government national planning scenarios include only two natural hazard events-an earthquake and a hurricane. Noticeably absent is a large-scale flood event-one either caused by excessive runoff or some breach of a levee system such as occurred in New Orleans during Hurricane Katrina. This is a curious omission given that flooding accounted for 27% of the nation's property losses and 17% of the fatalities from natural hazards from 1960-2005 ͑Hazards and Vulnerability Research Institute 2007͒.
Planning for catastrophes is relatively new within emergency management. A catastrophe is a very large event that surpasses local and regional capabilities to adequately respond, and is often described as a worst-case event ͑Rubin 2007͒. The National Response Plan ͑NRP͒ includes a catastrophic incident annex, but as Hurricane Katrina in 2005 illustrated, most basic local and state plans do not address catastrophic events ͑Harrald 2007͒. In fact, a June 2006 review on current emergency operations found that the majority of the Nation's emergency operations ͑urban areas and states͒ were inadequate to manage catastrophic events ͓Depart-ment of Homeland Security ͑DHS͒ and Department of Transportation ͑DOT͒ ͑2006͔͒. This same report also noted that "comprehensive national guidance on the potential consequences associated with catastrophic risks and hazards should be developed to drive risk management and operational planning ͑DHS/ DOT 2006, xi͒." According to the same report, such guidance needs to address special needs populations, or those segments of the population that are most vulnerable. Catastrophic planning for flood events requires thinking about worst cases, such as dam failures or levee failures in major metropolitan areas, not just 500-year rainfall-induced events.
The recent report on flooding in the Central Valley found that the current flood control system in the region was incapable of handling the threat of severe flood, thus, exposing urban areas to considerable risk ͑Independent Review Panel 2007͒. In fact, Sacramento may be the nation's most vulnerable urban area to catastrophic flooding. This paper illustrates the disproportionate exposure and impacts on communities from a levee failure or a progression of failures, using California's Sacramento-San Joaquin Delta area as the case study. Given that there are relatively few county or subcounty studies assessing spatial trends in hazards vulnerability within the delta region, this paper is timely. It utilizes the existing methodological approach on social vulnerability metrics ͑Cutter et al. 2003͒ to assess the relative vulnerability of residents in order to: ͑1͒ better understand the spatial relationships between vulnerable populations and areas of highest risk due to a levee breach scenario; and ͑2͒ examine the social characteristics contributing to vulnerability and the resulting pattern of uneven capacity for preparedness, response, recovery, and mitigation within the region.
Floodplain Development in the Delta
Since the dawn of sedentary agriculture, humans have been attracted to the rich soils of alluvial floodplains. Densely populated urban centers evolved from smaller settlements along rivers and coasts, which provided ready access to transportation and trading opportunities. As the cities grew and the density of people and infrastructure increased, the use of structural measures such as levees became an effective tool in controlling floods and reducing flood losses ͑Kelly 1989͒. In the United States, there are approximately 25,000 miles of levees, each constructed and maintained by a myriad of agencies, organizations, local authorities, and landowners ͑FIFMTF 1992; Pielke 1999; Tobin 1995͒ . The Army Corps of Engineers is responsible for the design, construction, and maintenance of more than 10,500 miles of the nation's levee system. Certified Army Corps levees offer protection up to the 100-year flood standard in over 1,000 floodplain communities. State, local, and privately owned levees make up the remaining 14,500 miles of the nation's levee system. Many fail to meet official standards and provide inconsistent levels of protection ͑Tobin 1995͒.
As the 2005 events in the Gulf Coast demonstrated, structural efforts to contain and channel floodwaters can fail due to the magnitude of the flood event, lack of levee maintenance, poor initial construction, or some combination of the above. Levee effectiveness can be compromised in many ways, all of which increase the hazard potential in communities. Among these are: ͑1͒ hydrological factors such as flooding induced by the poor placement of levees; ͑2͒ changing environmental conditions such as deforestation or increased urbanization that can significantly alter a river's hydrological regime; ͑3͒ technological weaknesses such as the use of materials found susceptible to seepage; and ͑4͒ social constraints that serve to increase the potential for loss ͑Tobin 1995͒. Communities with levees may be at greater risk than normal due to the "levee effect," caused by a false sense of security where floodplain inhabitants perceive that all flood risk has been eliminated once a levee is constructed ͑Tobin 1995͒. The levee effect increases vulnerability to flooding in two different ways ͑Pielke 1999; State of California 2005͒. First, it creates a sense of complacency, which in turn, reduces flood preparedness and mitigation actions. Second, the levee effect provides incentives to continue to build structures in harm's way. The latter is significant in California's Central Valley, where tens of thousands of homes are in low lying basins surrounded by an aging, often insufficiently maintained, levee infrastructure ͑Independent Review Panel 2007; State of California 2005͒.
Nearly 43% of Americans live in counties with levees ͑Inter-agency Levee Policy Review Committee 2006͒, not only producing a high potential for flood risk across the nation, but an increasing public interest in levees and levee systems. The New Orleans levee failures generated considerable mass media and public interest prompting many to ask where the next catastrophe may occur ͑Perrow 2007͒. California's Sacramento-San Joaquin Delta region is seen as a likely worst-case disaster scenario given its concentration of levees and people, and multiple potential mechanisms for failure ͑e.g., earthquakes, excessive snowmelt combined with heavy rainfall, poor maintenance͒ ͑Flynn 2007͒.
Delta Threat Revealed
The Sacramento-San Joaquin Delta once was a largely rural area consisting of approximately 738,000 acres of land within six counties. The region is protected by a network of 1,100 miles of levees ͑USACE 2006a͒, and is critical to the national economy as it provides irrigation water to more than 7 million acres of the nation's prime agricultural land and drinking water to 22 million California residents. The delta region has a population base of more than 500,000 residing within cities and towns such as Isleton, Tracy, and Pittsburg and in adjoining areas such as Stockton, Sacramento, and West Sacramento ͑Fig. 1͒.
Within the delta region there are 385 miles of project levees 
Vulnerability as a Concept

Defining Vulnerability
Vulnerability science and research builds upon the multidisciplinary tradition of hazards and disasters research ͑Mileti 1999; Wisner et al. 2004͒ . Although a multitude of definitions exist, vulnerability is defined here as the potential for loss and involves a combination of factors that determine the degree to which a person's life or livelihood is put at risk by a particular event ͑Adger 2006; Eakin and Luers 2006; National Research Council 2006͒ . Differences according to wealth, gender, race and class, history, and sociopolitical organization influence the patterns of disaster damages, mortality, and the ability of communities to reconstruct following a disaster. These factors also produce variations in vulnerability among groups of people and between places ͑Bankoff et al. 2004; Dow 1992; Downing 1991; Enarson 2007; Ngo 2001; Tierney 2006͒. Theoretical and analytical approaches have been developed to address vulnerability to disaster impacts where the concepts of exposure, resistance, and resilience are often starting points ͑Bruneau et al. Burton et al. 1993; Chakraborty et al. 2005; Chang and Shinozuka 2004; Cutter et al. 2006; Pelling 2003; Turner et al. 2003͒ . Exposure is a measure of risk that is directly related to hazard proximity and the environmental characteristics at a particular place. Resistance measures the ability of a population to protect itself from an environmental threat, for example the use of structural mitigation for floodplain development ͑Burby 1998͒. Finally, resilience addresses a population's coping capacity and ability to recover following a disaster ͑Folke 2006͒.
Vulnerability Paradox Revisited
Considerable research attention has focused on the components of biophysical vulnerability and the vulnerability of the built environment, yet researchers know the least about the social aspects contributing to vulnerability ͑Birkmann 2006; Borden et al. 2007; Heinz Center 2002͒ . Components contributing to socially constructed vulnerabilities are largely ignored, mainly due to the fact that social vulnerability is not a directly observable phenomenon ͑Enarson 2007͒ and because of difficulties that arise during quantification ͑Cutter et al. 2003͒. Therefore, social vulnerability is most often described using a set of composite proxy indicators that include age, race, health, income, and the quality of the built environment. A number of studies have successfully quantified vulnerability utilizing metrics specific to one particular place and one unit of analysis ͑Boruff et al. social vulnerability index ͑SoVI͒ integrates social inequalities ͑factors that influence the susceptibility to harm of various groups͒ with place inequalities ͑characteristics of communities and the built environment, such as economic vitality and levels of urbanization͒ to provide a relative measure of social vulnerability for the nation.
Contextual Models of Social Vulnerability
Considering the multitude of approaches to vulnerability research, it should not be surprising that conceptual models diverge in explaining the root causes of vulnerability. Some causal models take exposure as given in an effort to help researchers understand differential access to resources or loss. Perhaps the most well known is the pressure and release model ͑Wisner et al. 2004͒ , which suggests that a progression of vulnerability connects hazard impacts to specific root causes ͑political and economic systems, and limited access to power, structures, and resources͒. Another example is the circle of vulnerability model ͑Alexander 2000͒. A second modeling framework explains causality using a risk/hazard approach, which assumes that vulnerability is a function of proximity to the source of risk or hazard ͑Davidson 1997; Davidson and Lambert 2001; Dilley et al. 2005; Federal Emergency Management Agency 1997͒. A third approach is the systematic spatial integration of biophysical and social components into a place-specific assessment of vulnerability. While the antecedents to such an approach are found much earlier ͑Hewitt and Burton 1971͒, more recent work provides baseline spatial modeling by integrating both biophysical and social perspectives into the vulnerability of place model ͑VPM͒ ͑Cutter et al. 2000͒. Other researchers have utilized a similar approach either implicitly or explicitly where both natural hazards risk and the social conditions within a hazardous area are identified ͑Clark et al. 1998; Odeh 2002; Polsky 2004; Rashed and Weeks 2003; Rygel et al. 2006; Wood and Good 2004; Wu et al. 2002͒ . The merger between these distinct systems allows researchers to better understand how separate vulnerabilities ͑using either single or multiple threats and social vulnerability indicators͒ interact as they affect specific places.
Methods
This paper applies the VPM to assess the differential impacts in the delta region. The Sacramento-San Joaquin Delta encompasses portions of six counties: Alameda, Contra Costa, Sacramento, San Joaquin, Solano, and Yolo. For this paper, we focused on Sacramento, San Joaquin, and Yolo counties-the counties containing the Sacramento and San Joaquin rivers and their tributaries. Susceptibility to flooding in the tricounty area, shown in Fig. 2 , is based on FEMA's Q3 flood zone delineations. Out of the 2.1 million acres within the tricounty area, approximately 43% are in designated flood zones. This includes nearly 672,325 acres of land within the 100-year flood zone designation with an additional 264,062 acres of land area within the 500-year zone ͑Fig. 2͒.
Within the tricounty area, the physical and social analysis was conducted at the census tract level of geography. An alternative approach would have been to utilize data at finer resolutions, specifically the block group, block, or parcel levels. However, important socioeconomic variables are often not available beyond the census tract-level resolution, and the data are less reliable due to techniques employed by the census bureau to maintain the confidentiality of information. Variables utilized within the social vulnerability index ͑below͒ were collected from the U.S. census, and it is assumed that all population parameters are distributed equally throughout each tract.
Social Vulnerability Index
One of the most common approaches for performing vulnerability assessments is the use of a set of composite proxy indicators. The method we employed for modeling vulnerability was the social vulnerability index, a robust comparative metric that uses 42 independent socioeconomic, demographic, and built environment variables ͑Cutter et al. 2003͒. Utilized as a tool for exploring broad patterns among places, the SoVI is based on the empirical research consensus about the major influences on social vulnerability-age, gender, race, education, socioeconomic status, and the quality of the built environment. Significant also are special needs populations such as the infirmed, non-English speaking immigrants, and the institutionalized. Due to a limited availability of socioeconomic variables, subcounty resolutions only included 36 of the original 42 SoVI variables included in this analysis ͑Table 2͒. The SoVI construction is a three-tiered process: ͑1͒ input data standardization; ͑2͒ a factor analytic approach ͑plus rotation͒; and ͑3͒ an additive modeling methodology. The end result is a univariate score that broadly represents the relative levels of social vulnerability within the delta region. All socioeconomic data were converted to percentages, per capita, or density functions and following this initial preprocessing were standardized through conversion to "z scores" with zero means and unit variances. The z scores for each of the 36 variables were then placed into a factor analysis ͑more specifically a principal components analysis͒ to reduce the variables into a smaller set of components. The resulting factors or components are linear combinations of correlated variables that represent a broader measure of how certain factors contribute to vulnerability. Manly ͑2005͒ explains that the objective of a factor analysis is to take variables and find combinations of these variables to produce components that are uncorrelated in order of their importance, but merely describe the variation in the data. The lack of correlation between components indicates that the factor analysis is measuring different "dimensions" of the data. The principal components analysis allows us to explore these multivariate dimensions to see their overall contribution to the social vulnerability within the delta region. Our extraction methods used the Kaiser criterion ͑eigen-values greater than 1͒ and a varimax rotation. The varimax rotation minimizes the number of variables that load high on a single factor, which increases the percentage of variation between each factor. The exact procedures for replicating the SoVI can be found at http://www.cas.sc.edu/geog/hrl/sovi.html.
Once the components were derived, slight adjustments to their directionality were made with respect to their known influence on vulnerability. On a per component basis, this was accomplished by selecting all factor scores ജ + 0.500 and ഛ−0.500. Utilizing the selected scores and their corresponding variables only, each factor was then subjectively binned in accordance to their variable's known influence on vulnerability. For example, a factor with high positive loadings on percent populations aged 65 and older and percent social security recipients would be categorized as an age indicator. A positive directionality was assigned to all factors known to increase vulnerability ͑such as race and ethnicity͒, whereas a negative directionality was assigned to all factors known to decrease vulnerability ͑wealth͒. In the latter case, we multiplied the loading values by −1 to define the final dimension since replacing a component with its inverse allows the final dimension to subtract from the overall vulnerability index. All factors were then summed to yield a composite score. In the absence of any theoretical justification for weighting each component differently, they are equally weighted in the additive model. Overall index scores were mapped as standard deviations from the mean to allow for a visual representation of the spatial variability in social vulnerability. Mapping vulnerability in this manner delineates the degree to which some places are more vulnerable than others, and highlights those geographic units that are at the ends of the distribution ͑e.g., high and low social vulnerability͒. Note that the SoVI is not an absolute measure of vulnerability, but a comparative one, permitting us to visually or numerically see how similar or how different places are relative to each other.
There are a number of important caveats to the use of factor analysis. The output scores do not always capture the most important or ideal factors, but rather those that best explain the variation in input data ͑Rogerson 2001͒. In this regard, the output of the factor analysis is highly dependent on the input variables. We have addressed this through the selection of input variables, which were derived from the empirical research on postevent studies of disaster impacts on people and their communities. Second, the determination of the directionality of the component is a subjective process, but one based on expert judgment. Boruff et al. 2005; Cutter et al. 2006͒ .
Defining Inundation Risk
To determine a likely flood exposure due to levee failure within the Sacramento-San Joaquin area, we mapped the hydrological system within the region using designations based on U.S. Army Corps of Engineers levees of maintenance concern ͑USACE 2006b͒ and critical erosion sites identified by the California Department of Water Resources ͑State of California 2007͒ ͑Fig. 3͒. Critical reaches within the area's hydrological system were identified by the designated levee's name or river mile. To emulate a likely worst-case scenario, hypothetical levee breaches were simulated along the reaches containing all levees of concern. To do this, we utilized the "what-if" levee scenario provided within FEMA's HAZUS MH 2 flood model. The HAZUS flood model is an integrated system developed for use by floodplain managers and other decision makers as a method to identify and quantify flood risks within flood-prone areas ͑Scawthorn et al. 2006͒ . Two analytical processes comprise the HAZUS flood methodology: ͑1͒ a flood hazard analysis, which was employed as a means to delineate discharge extent following a hypothetical levee breach scenario; and ͑2͒ a flood loss estimation analysis, which we did not use in this study. The HAZUS methodology includes DEM-based stream network delineation, hydraulic analysis, and flood hazard analysis in which the user has the capability of adding a levee alignment reflective of the level of desired protection ͑e.g., protection for a 10-, 50-, 100-, 200-, or 500-year event͒. We selected a 100-year level of protection for modeling purposes. Reaches identified as critical, but not adequately represented within the HAZUS model were omitted from further analysis. Paralleling a designated reach, the levee option allows the user to draw a levee alignment two grid cells wide and high enough to restrict flow within the DEM. Levees were simulated on both sides of reaches identified as critical within our study area. In areas identified as protected by a levee, flow within the model was restricted and flood depths were modeled as zero for frequencies less than or equal to the recurrence interval of the level of protection selected for that levee ͑FEMA 2003a, b͒. On the southern or western side of these reaches, levee segments were drawn with a 500 to 1,000 foot gap. A flood analysis for the levee reaches was employed allowing us to emulate where floodwaters would be restricted while flooding tracts below the hypothetical breaches.
The writers are aware that the debate over the impacts of levee breaching within the delta region is based on highly sophisticated hydrologic and engineering performance models. The purpose of this paper is not to propose a high resolution methodology aimed at flood zone delineation and flood analysis, nor to critique such efforts. Instead, we are interested in a coarse approximation of the spatial extent of a levee-breach inundation based on a worst-case scenario, so that we could examine the characteristics of those populations living within the inundation zone more closely. The use of Q3 data, social data at the census tract level, and HAZUS-MH allow us to develop these broad spatial patterns. Due to uncertainties in results produced by the HAZUS-MH model that are often attributed to the use of national datasets to represent local conditions, the coupling of components, simplifications within the model, and errors introduced as part of the mathematical processing ͑FEMA 2003a͒, great care must be taken in interpreting the results for very localized applications. Rather, the analysis provides a subcounty profile of vulnerability to levee breaches incorporating both exposure ͑inundation͒ and impact ͑social vulnerability͒. The results should be used to guide planning and growth management at the community level and flood mitigation planning at the county and regional scale.
Results
Factors Contributing to Social Vulnerability
The principal components analysis produced nine composite factors, explaining 76.7% of the variance among tracts ͑Table 3͒. Socioeconomic status ͑low͒ was the largest contributor to social vulnerability as explained by high positive loadings for poverty, service industry employment, and high negative loadings on per capita income, wealth, median home value, and median rent. The poverty indicator accounts for 24.4% of variation within the dataset. Essentially, households with insufficient financial reserves are likely to be disproportionately affected by a disaster. The poor often suffer higher mortality rates, and their homes may sustain greater damage following a significant event due to the nature of the housing stock and its location ͑Laska and Morrow 2006; Peacock et al. 1997; Phillips and Morrow 2007; Tobin et al. 2006͒ . Structural maintenance to the home, costly upgrades for conformity to building standards, and the adoption of mitigation strategies are often out of reach for low income residents. Typically, poor households will also recover more slowly, possibly never regaining preimpact status.
The second component identified ethnicity as the next significant factor contributing to vulnerability with 14.6% of the variance explained. Within this context, race and ethnicity contribute to vulnerability through a lack of access to resources ͑based on language, culture, educational levels͒ and the economic marginalization that is often associated with racial and ethnic disparities ͑Cutter et al. 2003͒. Factor 2 is characterized by high positive loadings for Hispanic populations, low-wage agricultural employment, and rural populations.
Age, specifically the elderly, was identified as the third contributing factor characterized by high positive loadings for populations aged 65 and over, persons receiving social security benefits, and median age. The age factor explains 11.4% percent of the variation. Age is a significant factor because the elderly may have mobility concerns or constraints increasing the burden of care and reducing resilience ͑Ngo 2001; O'Brien and Mileti 1992͒.
Spatial Distribution of Socially Vulnerable Populations
Understanding the distribution of social vulnerability and the variability of individual components contributing to vulnerability is an integral part of disaster management, planning, and mitigation. Fig. 4 depicts the spatial variation in social vulnerability for Sacramento, Yolo, and San Joaquin counties. The classification is based on standard deviations from the mean, but the labeling of the categories ͑e.g., high ͑top 20%, represents Ͼ + 1 standard deviation͒ was simplified for presentation purposes.
While the spatial pattern is not uniform throughout, there are significant pockets of high levels of vulnerability that warrant management concern. Of special interest is a clustering of moderate to high and high vulnerability in southern Sacramento and San Joaquin counties ͑Fig. 4͒. In addition to this urban cluster of tracts, there is another large section of the tricounty area with high levels of social vulnerability west of the main north-south interstate ͑I-5͒. This largely rural area is home to significant clusters of Hispanics and agricultural workers. The characterization of the high social vulnerability clusters was verified by field observations based on the writers' local knowledge of the area.
Exposure to Levee-Induced Flooding
For the delta region, a 500-year flood event is a worst-case hazard scenario. The flood control system is designed to protect against loss of life and property for the 100-year event, yet aging infrastructure, lack of maintenance, and increased development have foreshadowed a likely disaster in the region, prompting the Independent Review Panel to state that "one hundred year protection is not an acceptable level of protection for urban areas" ͑Indepen-dent Review Panel 2007͒. Fig. 5 presents a spatial representation of a modeled levee breach scenario derived from the HAZUS-MH flood model. We used the HAZUS-MH levee scenario as a simple means to delineate likely worst-case flood areas for planning and decision making purposes. Further, we modeled levee breaches on both USACE and California Department of Water Resources levees of concern ͑Fig. 3͒.
Our results ͑Fig. 5͒ show that within the tricounty area, the most significant inundation occurs directly within the delta corridor of Sacramento County in a swath spanning north/south from the outskirts of the southern Sacramento metropolitan area westward to Isleton. Here, the delineated flood extent is the most significant with estimated flood levels of 13 feet on average. Most of the inundated areas from the levee breaches occur within the Sacramento River basin and are within the 500-year floodplain. Historically, the area has been subject to floods that result from winter and spring rainfall, and major floods occurring within the last 20 years ͑1983, 1986, 1995, and 1997͒ have caused significant damage ͑USACE 2002͒. In the cities of Sacramento and West Sacramento, there are more than 115,194 residential parcels that could be damaged in a 500-year flood, more than one-third of them currently without flood insurance ͑Independent Review Panel 2007, 1-6͒. Populations occupying this zone have high and moderate-to-high social vulnerability. Located in the areas spanning south from the Sacramento metropolitan area to Isleton, the high social vulnerability may impede movement out of harm's way due to a lack of resources and the ability to sequester reliable transportation. Recovery for the most vulnerable communities may be difficult and long lasting, with the possibility of some communities never reaching preimpact status. Along the San Joaquin river basin, considerably fewer residential parcels ͑10,284͒ are at risk of a 500-year event ͑USACE 2002͒. 
Composite Vulnerability Assessment
Although mapping the spatial variability of socially vulnerable populations is useful, it does not adequately represent the true nature of all components contributing to the vulnerability at a particular place. The aggregation of a community's biophysical risk with its social context is critical because people are often not considered vulnerable in the absence of a certain degree of exposure to physical threats. For this paper, we employed a place-based vulnerability metric in which the delta region's flood risk was merged with its relative social vulnerability to produce a composite vulnerability score using a simple GIS overlay procedure. Fig. 6 represents the spatial distribution of the combined physical ͑levee breach͒ and social vulnerability. Not surprisingly, areas of highest vulnerability are found along a large north/south corridor directly within the Sacramento-San Joaquin Delta. It is within this corridor that communities are significantly vulnerable to levee-failure flooding and also have the highest levels of social vulnerability. Within this area, a considerable amount of land area falls within the FEMA 500-year flood designation, further compounding flood risk to populations and overall vulnerability.
Further Thoughts on Vulnerability Drivers
Up to this point, we have provided a rather spatially descriptive analysis of the components of vulnerability-social and physical-and how they map on the landscape of the tricounty Delta region. To further assess the spatial variation in social vulnerability to levee failures, and to examine those factors contributing to the vulnerability of Delta populations, all census tracts fully contained by and intersecting FEMA 500-year flood designations were separately selected. Each tract intersecting and contained within HAZUS inundation polygons created by the levee breach scenarios and all tracts not within a flood inundation zone were also selected. Each tract was nominally coded to differentiate between flood zones where: a value of 1 represents all tracts within the FEMA designated 100-year flood inundation zone, 2 represents all tracts within the 500-year zone, 3 represents all tracts within the levee breach zone, and a value of 4 represents all tracts not within a breach area and/or 100-or 500-year zone. Using this form of scaling, we employed an analysis of variance as a comparative metric. We chose an ANOVA because it represents a conceptual extension of the two-sample t-test for differences of means that allows for comparisons across an excess of two samples. Our aim was to examine if the extent of social vulnerability within the area exhibited heterogeneity between the four identified flood inundation zones.
Results from the analysis of variance ͑Table 4͒ show a significant divergence in vulnerability scores among flood inundation groups ͑pϭ0.017͒. The highest average vulnerability scores fall within tracts exposed to our hypothetical levee breach scenarios. Here, the average social vulnerability scores are more than double those calculated within the 100-year and 500-year flood inundation zones. The lowest average vulnerability scores are found in noninundation zones where residents are relatively free of flood risk.
A second sensitivity test examined the relative importance of components of the place vulnerability ͑land area in 100-year flood zone + land area in 500-year flood zone + social vulnerability score͒ ͑Table 5͒. Using the place vulnerability score as the dependent variable, a linear regression was performed to examine the standardized beta coefficients of each of the independent variables to assess their relative strength in contributing to place vulnerability. We acknowledge that the index values utilized within our multiple regression analysis are deterministic rather than stochastic. Our use of systematically derived values as a dependent variable violates the assumption of statistical independence ͑ran-domness of variables͒. It was not our intention to predict or make statistical inferences pertaining to the prediction of vulnerability. Rather, the regression analysis was employed as a means to assess the relative importance of variables contributing to place-based vulnerability. Within a regression, if the randomness assumption is not valid, it is still possible to estimate regression coefficients where the relative importance of variables is assessed. While the physical exposure variables are significant ͑with the exception of the levee inundation͒, it is the social characteristics of the population that are producing the overall vulnerability in the delta region. The lack of statistical significance of the levee inundation beta coefficient is primarily a function of the relatively small number of tracts ͑land area͒ not already included in the 100-and 500-year flood zones.
To simplify the visual representation of all flood hazards, not just those caused by levee breaches, we constructed a place vulnerability index for the tricounty area. Construction of the index is summarized as follows: 1. Within a geographic information system, all census tracts falling within FEMA's 100-year flood designation were selected and coded using Boolean logic. A value of 1 was assigned to each tract falling within the 100-year designated floodzone. A value of zero was applied to all tracts outside of the 100-year zone. 2. Census tracts falling within FEMA's 500-year designation and those tracts inundated by the hypothetical breach scenarios were coded in an identical manner to that of the 100-year zone. Because all census tracts falling within the 500-year flood designation are, by default, included within the 100-year flood zone, an overlap exists. 3. The Delta area's social vulnerability scores were standardized in a manner in which all census tracts were assigned a value between 0 and 1, increasing linearly by 0.20 based upon the relative contribution of each score to social vulnerability ͑e.g., those tracts falling within the bottom 20% of scores ͑Ͻ−1 standard deviation͒ were assigned a value of 0.20, whereas those tracts falling within the top 20% ͑Ͼ +1 standard deviation͒ of scores were assigned a value of 1. Middle values were assigned scores of 0.40, 0.60, and 0.80, respectively. The values that we derived using the 100-, 500-year, and standardized social vulnerability scores were then summed and mapped. Standardizing all values with a range from 0 and 1 assured that the contributions of physical risk and social vulnerability were not skewed based upon exceptionally high or low values of vulnerability at a particular location. Rather, the composite scores are simply dictated by location and by the social vulnerability at a particular place.
By simplifying the visual representation to focus on census units ͑Fig. 7͒, not the hydrography, we see pockets of high vulnerability to flooding exist in the Stockton and Sacramento metropolitan areas where high social vulnerability is also coupled with some moderate to low levels of flood inundation. While the potential inundation ͑or biophysical vulnerability͒ may be less than those areas west of Interstate 5, the ability of communities to respond to and recover from such flooding is low because of their preexisting social vulnerability. Such a place-based vulnerability assessment provides an overview of areas most likely to be exposed to, adversely affected, and differentially impacted following a levee induced flood event. The use of a composite metric in this manner may be more useful to emergency managers and planners than simply mapping the spatial variability of socially vulnerable communities, or the distribution of flooding.
Conclusion
The impacts from a natural event will be expressed differentially across and within communities. To be effective, disaster planners, managers, and coordinators must not only understand the physical agents, but also the social characteristics that give rise to the vulnerabilities within the communities they protect. A first step is to identify and map those areas hosting populations that may be more susceptible to loss and those that will lack the ability to quickly recover following an event. This paper presented a methodology and example for vulnerability assessments using a twotiered approach: a spatial delineation of vulnerability based on the combination of physical parameters and social indicators; and then a statistical determination of the drivers of vulnerability within the region. Our findings reveal there are spatial differences in vulnerability and that these are based on the underlying social characteristics of communities as well as the risk for flood inundation due to levee failures. Disaster mitigation and planning under such circumstances may require special attention where cultural differences and language barriers affect the way in which these communities prepare for and respond to risk. A one-size fits all mitigation strategy does not address the drivers behind the vulnerability in the tricounty region. For example, preparedness, response, and recovery from catastrophic flooding may take a completely different trajectory and form in the delta islands west of Interstate 5 where the social vulnerability is characterized by Hispanic residents engaged in agricultural contrasted to those in the downtown areas of Stockton ͑east of Interstate 5͒ where the vulnerability drivers are mainly age and lower socioeconomic status. However, the physical vulnerability is still important even as the social landscape changes. As Kelly noted nearly two decades ago, "The inland sea has disappeared, but it is now clear as it never was before how powerful a river system has been put under control, and how vulnerable that structure of control will always be" ͑Kelly 1989, p. 315͒.
